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The wakefield and stopping power of an ion-beam pulse moving in magnetized plas-
mas are investigated by particle-in-cell (PIC) simulations. The effects of beam ve-
locity and density on the wake and stopping power are discussed. In the presence of
magnetic field, it is found that beside the longitudinal conversed V-shaped wakes, the
strong whistler wave are observed when low-density and low-velocity pulses moving
in plasmas. The corresponding stopping powers are enhanced due to the drag of these
whistler waves. As beam velocities increase, the whistler waves disappear, and only
are conversed V-shape wakes observed. The corresponding stopping powers are re-
duced compared with these in isotropic plasmas. When high-density pulses transport
in the magnetized plasmas, the whistler waves are greatly inhibited for low-velocity
pulses and disappear for high-velocity pulses. Additionally, the magnetic field reduces
the stopping powers for all high-density cases.
PACS numbers: 52.25.Xz, 52.40.Mj, 34.50.Bw, 52.65.Rr
Keywords: Wake field, Stopping power, Magnetized plasmas, Particle-in-cell simula-
tion
a)Corresponding author:qixin2002@impcas.ac.cn
b)Corresponding author:lyang@impcas.ac.cn
1
ar
X
iv
:1
60
2.
08
18
8v
2 
 [p
hy
sic
s.p
las
m-
ph
]  
23
 M
ar 
20
16
I. INTRODUCTION
Understanding the interactions of charged particles with magnetized plasmas has been
an interesting topic for several decades. The stopping power of ion beams as well as plasma
waves excited by the charged particles are important for fundamental physics1 and many
applications such as electron cooling of ion beams2,3, inertial confinement fusion (ICF) driven
by ion beams4,5 and neutral beam injection (NBI) in magnetically confined fusion plasmas6,7.
When the charged particles inject into the plasmas, the wakefield exhibits charac-
teristic structures due to the response of plasma electrons to the disturbance from the
charged particles8–13. The structure of the wakefield is important in plasma wake-field
accelerator14,15, where the wakefield induced by ion beams can be used to accelerate the
charged particles. In the case of isotropic plasmas, I. D. Kaganovich et al. developed the
analytical electron fluid model to describe the plasma response to a propagating ion beam11.
They showed that the ion beam would be neutralized by plasmas and formed a V-shape
cone structure in the wake-field region. However, when ion beams moving in a magnetized
plasma, the wakes will be more complicated. The wakefield is found to be highly asym-
metrical when a strong magnetic field is imposed perpendicular to the trajectory of a test
charged particle12. For ion beams moving parallel to the external magnetic field, the wakes
will lose their typical V-shape cone structures and exhibits conversed V-shape structures9.
Specially, M. A. Dorf et al. carried out a linear theoretical analysis and demonstrated
that electromagnetic wave-field perturbations propagating oblique to the beam axis will be
excited when the magnetic field strength satisfies ωce > 2βbωpe and the ion beam pulse is
sufficiently long lb  Vb/ωpe16. Here, ωce and ωpe are the electron cyclotron frequency and
electron plasma frequency, respectively. βb = Vb/c is the ion beam velocity normalized to
the speed of light and lb is the length of ion beam pulse.
Another important quantity of ions moving in magnetized plasmas is the stopping power,
which is defined as the energy change per unit path-length dE/ds. When the pulses transport
in magnetized plasmas, the movement of plasma electrons will be restricted in the magnetic
field direction. The influence of the magnetic field on the nonlinear stopping power in
plasmas was widely investigated for many years18–25. For low ion velocity(Vb0 < 10Vth), an
enhancement of the stopping power for ions moving transversal to the magnetic field was
found24 in a electron plasma, where Vth =
√
kBTe/me is the thermal velocity of plasma
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electrons. And if the ion moves parallel to the magnetic field, it is found that the energy loss
is reduced25. Moreover, the collective effect8,26,27 plays important roles for high-density beam
pulses transport in magnetized plasmas. It is reported that strengthening the magnetic field
reduces the stopping power for low- and high-density pulses. In regions of moderate beam
density, the stopping power increases in a weak magnetic field, but decreases in a strong
magnetic field9.
In this paper, 2D3V-PIC simulations are performed to investigate the process of a hy-
drogen ion-beam pulse moving longitudinal through hydrogen magnetized two-component
plasmas. The effect of ion-beam pulse with different velocities and densities on the wakefield
and stopping power are studied. All simulations are performed using the code VORPAL28.
The paper is organized as follow: In Sec. II, the PIC simulation methods used in the paper
are briefly described. In Sec. III, the effects of beam velocity and density on the wake field
and stopping power are obtained and discussed. The summary is given in Sec. IV.
II. PARTICLE-IN-CELL SIMULATION METHODS
We regard the plasmas as an assembly of charged particles, considering the two-
dimensional (2D) plasma slab model shown in Figure 1. The external magnetic field B
applied in the plasmas is uniform and directed along the x axis. The dimensions of the
simulation region are x = 0 to x = Lx and y = 0 to y = Ly. Initially, the plasmas (including
plasma electrons and ions) are placed in the box, and the ion-beam pulse is placed on
the left side of the simulation box and assumed to be moving in the x direction with an
initial velocity Vb. The simulation uses a 2D3V electromagnetic PIC code. All the charged
particles are considered to move on the x− y plane.
The equations of motion for all particles involved in the simulations (plasma electrons,
ions, and the injection-beam ions) are:
drαj
dt
= vαj , (1)
d(γαj v
α
j )
dt
=
qα
mα
(E+ vαj ×B), j = 1, 2, ..., Nα. (2)
Here, rαj , v
α
j , qα, γ
α
j , mα, and Nα are the position, velocity, charge, Lorentz factor, mass,
and total number of plasma electrons (α = e), ions (α = i), and injection-beam ions (α = b),
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respectively. The electric and magnetic fields are updated by the Faraday’s equation and
the Ampere-Maxwell equation,
∂B
∂t
= −∇× E, (3)
∂E
∂t
= c2∇×B− J
ε0
, (4)
where the particle source is
J =
∑
j
qαv
α
j δ(x− xj). (5)
All simulations were performed by VORPAL software. The simulation box is composed
of 800 grids on the x axis and 512 grids on the y axis. The space and time steps are chosen
to be dx = dy = λe = 5.25 × 10−5m and dt = 9.1 × 10−14s, respectively, to satisfy the
Courant-Friedrichs-Lewy (CFL) limit, where λe =
√
ε0KBTe0/Ne0e2 is the Debye length of
plasma electrons. 50 superparticles are placed per cell in simulations. A periodic boundary
condition in the y direction and an open boundary condition in the x direction are adopted.
The plasmas are composed of electrons and H ions. A uniform plasma density Ne0 = Ni0 =
2.0 × 1017m−3 and an initial plasma temperature Te0 = Ti0 = 10eV are used for electrons
and ions, respectively. The beam ions are chosen to be protons with a Gaussian shape
distribution: Nb(x, y) = ρb0exp(− (x−x0)2(Lb/2)2 )exp(−
(y−y0)2
R2b
), where the length Lb = 40 × λe and
radius Rb = 2× λe. All particles are considered to be charged robs moving on the x-y plane
and the simulation tracks the following coordinates for each particle: x, y, Vx, Vy, Vz, which
goes partway to a 3D model. At each time step, the energy loss ∆E and the travel path ∆s
of every injection-ion are recorded. The stopping power per ion is calculated by averaging
∆E/∆s over the entire simulation and over all particles.
III. SIMULATION RESULTS AND DISCUSSIONS
The influence of beam velocity on the wakefield and stopping power when beam density
is smaller than electron density ρb0 = 1.0 × 1017m−3(the linear case) is first investigated.
Figure 2 shows the evolution of the electric wakefield induced by the ion-beam pulse moving
in a magnetic plasma when beam velocity Vb = 0.025c (satisfy Lb  Vb/ωpe). At the
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very beginning, as shown in Figure 2(a), the whistler wave-field perturbations propagating
oblique to the beam axis is observed, which is consistent with the linear theoretical analysis
prediction by M. A. Dorf et al.16. When T=1.4ns as shown in Figure 2(b), the wakes exhibit
whistler waves, while there is no obvious structure behind the trajectory. In Figure 2(c) when
T=2.1ns, besides the whistler waves, the conversed V-shape cone structures are observed.
In order to further investigate the influence of the magnetic field on the wakefield, Figure
3 shows the comparison of the electric wakefield induced by the ion-beam pulse moving
in (a), isotropic plasmas and (b), magnetized plasmas. As B = 0.0T in Figure 3(a), the
wakes exhibit the fluctuation behind the pulse. However, as B = 1.0T in Figure 3(b), the
wakes show both conversed V-shaped cone and whistler wave structures. Moreover, the
amplitude of the whistler waves is higher than that of the conversed V-shape fluctuation.
The corresponding longitudinal electric field along the trajectory of the pulse for isotropic
and magnetic cases is shown in Figure 3(c). For low-density and low-velocity beam pulses,
the length of ion-beam pulse is much greater than the wavelength of electron plasma wave
excitations, Lb  Vb/ωpe. Therefore, electrostatic electron plasma wave excitations are
significantly suppressed and there is no obvious wave just behind the ion-beam pulse for
both cases.
For higher velocity when Vb0 = 0.15c (Lb ≈ Vb/ωpe), results are shown in Figure 4.
Figure 4(a) is the wakefield in isotopic plasmas and Figure 4(b) is the result in magnetized
plasmas.When B = 1.0T (Figure 4(b)), the conversed V-shape cone structures are observed.
Comparing with the structures in Figure 3(b), the whistler waves disappear in the wake
region. This is due to that for beam pulses with high velocity, the electrostatic electron
plasma wave excitations play dominant roles. Figure 4(c) shows the longitudinal electric
field along the trajectory of both cases. It can be seen clearly that in the presence of the
magnetic field, the wakefield is inhibited. This is due to that plasma electrons are restricted
in the direction perpendicular to the magnetic field.
Figure 5 shows the dependence of the stopping power per pulse ion on the beam velocity
with different magnetic field B = 0.0T and B = 1.0T . It is noted that for low-velocity beams
(Vb0 < 0.05c), the presence of magnetic field enhances the stopping power. This is because
that in the presence of the magnetic field, whistler waves are excited by the ion-beam pulse,
as shown in Figure 3(b). These wakes draw back the beam and enhance the stopping power.
As the velocity increases, (Vb0 > 0.05c), the stopping power is reduced in the presence of the
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magnetic field.
The above discussion mainly concerns conditions when the density of the pulses is smaller
than the electron density in plasmas. When the density of beam pulses is much more higher
than the density of the electron, the collective effects and screening electrons play important
roles. Figure 6 shows the electric wakefield induced by the ion-beam pulse in case of isotropic
plasma and magnetic plasma when ρb0 = 2.0× 1018m−3 and Vb0 = 0.025c . At B = 0.0T in
Figure 6(a), the wakes exhibit typical V-shaped structures behind the pulse. At B = 1.0T
in Figure 6(b), the whistler waves are observed. However, comparing with Figure 3(b),
the amplitude of the whistler waves is obviously reduced. This is due to that for high-
density pulses transport in plasmas, nonlinear perturbations caused by collective effects
weaken the whistler wave excitations. The longitudinal electric field along the trajectory
is shown in Figure 6(c). As discussed above, the wakefield is inhibited in the presence
of the magnetic field. For higher velocity when Vb0 = 0.15c, results are given in Figure
7. The wakes exhibit the apparent V-shape cone structures when B = 0.0T , as shown in
Figure 7(a). The conversed V-shaped cone structures appear when B = 1.0T as shown
in Figure 7(b). Moreover, as the velocity increases, the whistler waves disappear, either.
The longitudinal electric fields on the trajectory are given in Figure 7(c). It can be seen
clearly that in the presence of the magnetic field, the amplitude of the wakefield becomes
smaller. This is because in the presence of magnetic field, more electrons are restricted in the
transverse direction and cannot response actively to the attraction of the pulses. Moreover,
The magnetic field reduces the screening of the ion-beam pulses. As the screening effect of
the electrons weakens, the collective effect of the ion-beam pulse becomes more significant,
which enhances the electron trapping process and inhibits the fluctuation of the wakefield.
In Figure 8, we give the stopping power per pulse ion when beam density ρb0 = 2.0 ×
1018m−3. Results for pulses in isotropic and magnetized plasmas are shown for comparison.
One can see that for high-density pulses, magnetic field reduces the stopping power for all
beam velocities. This behavior occurs because the magnetic field reduces the screening of
the ion-beam pulses. As the screening effect of the electrons weakens, the collective effects of
the ion-beam pulses become more significant. This enhances the electron trapping processes
and consequently decreases the stopping power. Moreover, for low-velocity pulse when
Vb0 = 0.025c, the whistler wave excitations are inhibited, and this leads to the reduction of
the stopping power, either.
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IV. CONCLUSIONS
In this paper, we use 2D3V PIC simulations to study the wakefield and stopping power
of an ion-beam pulse moving in magnetized plasmas. Beams moving in plasmas without
magnetic field are also studied for comparison. The influence of beam velocity and density
on the wake and stopping power is investigated.
For beam pulses with low beam density (the beam densities are smaller than the plasma
electron density), the wakes induced by low-velocity pulses exhibit conversed V-shape struc-
tures. Beside, the strong whistler waves are observed on both sides of the beam trajectory.
The corresponding stopping power is enhanced due to the drag of these whistler waves. As
beam velocities increase, the whistler waves disappear, and only are conversed V-shape wakes
observed. The corresponding stopping powers decrease compared with these in isotropic
plasmas.
For high-density beam pulses (the beam densities are much larger than the plasma elec-
tron densities), the collective effect dominates. The whistler wave excitations are inhibited
for low-density pulses. As the velocity increases, the whistler waves disappear, and only
are conversed V-shape wakes observed. The presence of the magnetic field will enhances
the collective effect as well as the trapping process, and consequently reduces the stopping
power for all beam velocities.
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FIG. 1. A two-dimensional plasma slab model.
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FIG. 2. The time evolution of an ion-beam pulse injected into a magnetized plasmas with magnetic
field B = 1.0T , injection velocity Vb0 = 0.025c, and beam density ρb0 = 1.0×1017m−3. The electric
field Eind (×104V/m) induced by the pulse at three different points in time are displayed in the
figure: (a)T = 0.69ns, (b)T = 1.4ns, and (c)T = 2.1ns.
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FIG. 3. Contour plot of the electric field Eind (×104V/m) in the wake field region induced by
the charged particles moving in the plasmas at the beam velocity Vb0 = 0.025c, beam density
ρb0 = 1.0× 1017m−3, and time t = 3.6ns for (a)B=0.0T and (b)B=1.0T. (c) is the corresponding
longitudinal electric field along the trajectory of the pulse. The blue line is B=0.0T and the red
line is B=1.0T.
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FIG. 4. Contour plot of the electric field Eind (×104V/m) in the wake field region induced
by the charged particles moving in the plasmas at the beam velocity Vb0 = 0.15c, beam density
ρb0 = 1.0× 1017m−3, and time t = 0.68ns for (a)B=0.0T and (b)B=1.0T. (c) is the corresponding
longitudinal electric field along the trajectory of the pulse. The blue line is B=0.0T and the red
line is B=1.0T.
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FIG. 5. Stopping power per ion as a function of beam velocity when beam density ρb0 =
1.0 × 1017m−3 with different magnetic fields: the black square is B = 0.0T and the red circle is
B = 1.0T . The line is a linear fit of the simulation data.
14
FIG. 6. Contour plot of the electric field Eind (×105V/m) in the wake field region induced by
the charged particles moving in the plasmas at the beam velocity Vb0 = 0.025c, beam density
ρb0 = 2.0× 1018m−3, and time t = 3.6ns for (a)B=0.0T and (b)B=1.0T. (c) is the corresponding
longitudinal electric field along the trajectory of the pulse. The blue line is B=0.0T and the red
line is B=1.0T.
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FIG. 7. Contour plot of the electric field Eind (×105V/m) in the wake field region induced
by the charged particles moving in the plasmas at the beam velocity Vb0 = 0.15c, beam density
ρb0 = 2.0× 1018m−3, and time t = 0.68ns for (a)B=0.0T and (b)B=1.0T. (c) is the corresponding
longitudinal electric field along the trajectory of the pulse. The blue line is B=0.0T and the red
line is B=1.0T.
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FIG. 8. Stopping power per ion as a function of beam velocity when beam density ρb0 =
2.0 × 1018m−3 with different magnetic fields: the black square is B = 0.0T and the red circle is
B = 1.0T . The line is a linear fit of the simulation data.
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